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Abstract 

Electroweak precision observables are calculated at complete 1-loop order in the extension 
of the standard model by an extra Higgs triplet, where the p-paramctcr can be different 
from unity already at the tree level. One additional data point is required for fixing the 
input parameters. In the on-shell renormalization scheme the leptonic mixing angle sin 2 9 e 
at the Z peak is chosen, together with the conventional input a, Mz, G M , m t . The calculated 
observables depend on the mass of the doublet Higgs boson H° and on the masses of the 
extra non-standard Higgs bosons as free parameters. The predictions of the standard model 
and the triplet model coincide for all observables in the experimental range of the top mass 
m t = 175 ± 6 GeV. In the triplet model, all observables which show a dependence on the 
doublet Higgs mass M H o are consistent with a low value of M H o . 



1 Introduction 



In the light of the recent electroweak precision data the standard model with a single Higgs 
doublet is in a very good shape Q. Whereas the data are compatible with a relatively light 
Higgs boson, direct empirical information on the scalar sector, however, is still lacking. A specific 
feature of the standard model assumption of a single Higgs field is the validity of the tree level 
relation 

_ M 2 , 
9 M\ cos 2 e w 

for the p-parameter, which measures the ratio between the neutral and charged current coupling 
strength 0. p deviates from unity by electroweak quantum effects, especially from the top- 
bottom doublet |||. In more general scenarios, there are already tree level contributions to 
p — 1, which however can only be of the order of the standard loop effects not to spoil the 
agreement with experimental data. A consistent formulation of such a scenario with ptree 1 
requires the extension of the Higgs sector by at least an additional triplet of scalar fields with one 
extra vacuum expectation value different from zero. The full set of precision observables can be 
calculated, in analogy to the minimal model, in terms of a few input data points together with the 
standard loop contributions and the loops arising from the non-standard Higgs part. A complete 
discussion of the radiative corrections requires not only the evaluation of the extra loop diagrams 
with non-standard Higgs bosons, but also an extension of the renormalization procedure. Since 
Mw,Mz and sin 2 9w are now independent parameters, one extra renormalization condition is 
necessary. This can be chosen in a formal way as done in the MS-scheme or in extension of 
the standard on-shell scheme || by choosing the electroweak mixing angle at the Z peak, sin 2 9 e 
for leptons, as an additional input parameter, together with the usual input a, Gf,Mz- 

In this paper we give a complete one-loop calculation of Myy and the Z boson observables in 
the simplest extension of the minimal model accommodating ptree 1- This model (discussed 
to some extent also in ||) augments the standard model by an additional Higgs triplet with a 
VEV in the neutral sector. Besides the standard Higgs boson H° a further neutral scalar 
boson K° and a pair of charged Higgs particles form the physical spectrum. After specifying 
the model in section 2, we outline in section 3 the calculation in the aforementioned extended 
on-shell scheme. The predictions for the various observables and their parameter dependence are 
discussed and compared with the standard model predictions as well as with the experimental 
data in sections 4 and 5. Details of the calculation are collected in the appendix. 



2 The standard model with an extra Higgs triplet 

We consider the extension of the electroweak standard model where besides the ordinary Higgs 
doublet field 

_ / <t> + {x) \ 

Hx)= \^{v + H»{x)+ lX {x))) {21) 

an additional Higgs field A is introduced which transforms as a triplet under the symmetry 
group SU(2)xU(l). Couplings of this extra field to fermions, although possible @, are not 
considered for simplicity. The hypercharge is assigned as Ya = 0, thus no particles with double 



electric charge occur. With a vacuum expectation value u in the neutral component, the triplet 
can be written as HI 



A 



( A+ ^ 

A = u + K° 

V A ~ ) 



with A * = A , A+* = -A" . (2.2) 



Since there is no need for Higgs self couplings in our calculations, we can restrict our discussion 
to the extra Higgs term in the kinetic part of the Lagrangian 

C A -kin = ip M A)t(Z>A»A). (2.3) 

The unphysical Higgs fields , Gz and the charged physical Higgs are linear combina- 
tions of the doublet and triplet field components 



G ± \ _ ( cos5 ±sin<5\ / 0± 
H ± )~\ -sin5 ±cos5 I { A ± 



Gz = X , (2.4) 



where the mixing angle 5 is determined by the vacuum expectation values u and v: 

Besides the standard Higgs H°, there is a further neutral physical Higgs field K°. In the 
Feynman-'t Hooft gauge the unphysical fields G^ and Gz get the same masses as the cor- 
responding vector bosons. The masses of the remaining physical fields H^^K^^H^ are free 
parameters. 

In this model, in the following denoted as triplet model (TM), the masses of the Z boson 
and the photon follow from v as in the SM 



M A = , Mz = \\jg\ + g\v , (2.6) 
but due to the additional vacuum expectation value u, the W-mass has changed to 

Mw = l^, • (2.7) 
2 coso 

The electroweak mixing angle, which diagonalizes the neutral gauge boson mass matrix, is 
determined by 

nTriplett 92 2 r 2 / n a \ 

cosd w y = = =: eg , s e =l-c e . (2.8) 

y 9i+92 

It is related to the quantity (the mixing angle in the minimal model) 

M\y 2 2 

cw = , s w = 1 - c w (2.9) 

in the following way: 

c$ = cw cos 5 . (2.10) 
This means that for the p-parameter is different from unity already at the tree level: 

P = Tlh = -\l ■ (2- 11 ) 

M|c| cos 2 5 v ; 
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3 One-loop calculations and renormalization 

In order to obtain finite amplitudes in the TM at the 1-loop level we perform the renormalization 
in an on-shell scheme which is similar to the one described in ||] for the minimal SM. Compared 
to the minimal model, the TM has one more independent parameter in the gauge boson - fermion 
sector, which may be chosen as p or sg 2 . For the renormalization procedure it is more convenient 
to treat sg 2 as an additional independent input parameter and fix its counter term 5sg 2 by an 
appropriate renormalization condition. The other basic on-shell parameters with independent 
counter terms are Mw, Mz and the electric charge e, which are renormalized by the same set of 
conditions as in the minimal model p then appears as a derived quantity. 

The renormalized vector boson self energies at the 1-loop level have the following counter 
term structure: 





+ 



t^{k 2 ) 




Y,^(k 2 ) 


+ 5Z] k 2 




t zz (k 2 ) 




Y> zz (k 2 ) 


+ 5Z z (k 2 - M 2 ) 


-5M 2 


t ww {k 2 ) 




Z ww (k 2 ) 


+ SZfi^-M^) 


-SM 2 , 


t^ z {k 2 ) 




Y? z (k 2 ) 


+ (5Zf - 5Zf)M 2 


- SZf k 



with 



5z: 



■yZ 



CgSg 

r 2 - s 2 



(SZ Z - 5Z2 



(3.1) 



The denote the unrenormalized one-loop vector boson self energies of the TM (see appendix) 
The on-shell conditions determine the counter terms as follows: 
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Herein the additional constant Ssg appears, which is formally related to the Z-factors by 

„2 



2 5Zf) 



(3.3) 



In the SM, the renormalization of the mixing angle in the on-shell scheme is not independent 
but related to the W, Z mass renormalization according to 



w 



5M 2 Z 



5Mw_ 



(3.4) 



Here, in the TM, 5sg 2 has to be fixed by an extra renormalization condition. We do this by the 
identification of sg with the effective leptonic mixing angle sm^g 3 at the Z resonance 



sin 



7 eff 



(3.5) 



which determines the ratio of the leptonic effective vector and axial vector coupling constants 
of the Z° in the following way: 



Re (g v ) 



(3.6) 



Re (g%) 

This is an implicit equation for Ssg 2 which enters ratio of the coupling constants (see equations 
(|4.7| )) at 1-loop through the counter term to the vector form factor of the Zee weak vertex 
correction. Its explicit form is given below in eq. ( 3.10Q . 

The renormalized vector boson fermion vertices T are expressed in terms of the unrenormal- 
ized vertices T and the corresponding counter terms as follows: 






fzff 



rZff 



zff 



rWff 

A* 



rWff 



+ 



'2y/2s e 



7„(1- 75) C\ 
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+(vfdZl+a f 5Z{) 



r zff 

c Wff 



a f (6Zf - SZi) + (v f 5Z{ + a f SZ 



5ZY - bZ™ + bZ L 



w 



and v 



7 



4 



2sjQ f 



a f 



4 



(3.7) 



The fermion wave function renormalization constants 5Zy t A, and 5Zl resp., follow in the usual 
way from the "residue = 1" condition for the fermions attached to the vertex (see appendix, 
eq. flAlCp ). 
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Neglecting the small terms proportional to the fermion masses mt, the Z vertices have only 
vector and axial vector contributions: A^-y is the renormalized vector or axial-vector correction, 
as it appears in the decomposition of the Zff vertex function 



fZff 



2s 9 c e 



7m (v f - a/75) + l^ky n + 7^75A^ 



-J Z J f 



(3.8) 



Using the formulas for the effective Z couplings ( f4.7|) , the renormalization condition for s# 2 , 
eq. (13. 6|), can be written as follows: 



R J_mf(M|) + 



1 



A^(Mf) Af*(Aff) 







(3.9) 



which can be solved for Ssg 2 yielding 



se 2 



Re 



+ 



ST Z (M|) 



A Zee 



(Ml 



2s e C<j 



(3.10) 

Therein, Ay^| are the vector and axial vector form factors of the unrenormalized 1-loop Zee 
vertex correction in the normalization of eq. ( |3.8[ ) , and Ti e A is the axial part of the e self energy. 

In contrast to the mixing angle counter term in the minimal model, there is no quadratic 
mi-dependence in 8sq 2 . The top mass enters via E 7 ^, where the dependence is only logarithmic. 



4 Radiative corrections for precision observables 

In order to fix the free parameters of the model we choose as precise input quantities as usual 
the electromagnetic fine structure constant a (together with the fermionic vacuum polarization 
at the Mz scale), the Fermi constant G^, and the Z mass Mz, together with the experimental 
value of sq 2 as the fourth input parameter for the TM. The parameters appearing in 1-loop 
order are the top mass and the masses M H o , M K o , M H ± of the standard and non-standard 
Higgs bosons. The W mass M\y and the Z resonance parameters then follow as predictions and 
can be compared with the experimental results. 



4.1 Muon decay width and My/ 

The muon decay width reads in the Fermi model 

F Glm\ ( _ 8mf 
^ 192 vr 3 \ ml 



■a 



Fermi 
QED 



(4.1) 



In the TM it is given by the expression (see also 



a 



m. 



384^ M^sj 



8m; 



m. 



1 - Af 



r^Fermi 
' U QED 



(4.2) 



with Ar = — = _ V ' + 



and R 



M 2 



10-10 S 2_ 3 («)(1-2 S 2) 

6 + ; - In 12 

2(1 - R) 



(4.3) 
(4.4) 



5 



The QED correction factor Cq\ 



j qed % o * s ^ ne same m both models. The relation between the W 
mass and the basic input quantities is thus given by 



M$y= P M%{l-4) 

A 

P 



with A 



Mf(l-Af) S 2(l-^) 
air 



(4.5) 
(4.6) 



Through Ar(Mz,Mw, sg;m t , M H o, M K o, M H ±) the relations ( [Of) and (|4.6|) are implicit equa- 
tions, which can be solved iteratively for My/ and p. 



4.2 Effective Zff couplings and Z resonance observables 

Having determined p and Af with the help of in the way described above, the effective 
couplings of the Z-boson to fermions / 7^ t can be written in the following way: 



1 - Af 



i + n z (M|) / 



v f + 2s e c e Q f fP z {M 2 z ) + F Z} {M, 



(4.7) 



The equations fl4.7| ) include besides the renormalized vertex form factors F Z A = Ay-^ the 
correction to the Z propagator 



n z (M| 



Re 



ds 



s=M% 



with 



and the photon-Z mixing 



S z (s) = Y> zz {s) 



S + STT(s) ' 



tr z (M\ 



t"t z {M 2 z ) 



Mf + £rr(M§) 



(4.8) 

(4.9) 
(4.10) 



The self energies are from section 2. 



The effective coupling constants (real parts only) determine the on-resonance asymmetries via 
the combinations 



A 



f 



2g s v g f A 



{g f v) 2 + (g f A ) 2 



In particular: 

— the forward backward asymmetries 



the left-right asymmetry 



Afb — 4^ ' Af 



A 



LR 



A P 



(4.11) 



(4.12) 
(4.13) 
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the r polarization 



(4.14) 



The fermionic partial widths, expressed in terms of the effective coupling constants read up to 
2nd order in the fermion masses: 



(g f v ) 2 + (g f A ) 2 (i - -jjf 



(4.15) 



with 



N. 



f 
c 



V2G^M 3 Z 



Yin 



N, 



f 



c 



1 (leptons), = 3 (quarks). 



and the QCD corrections ATq CD for quark final states. The QCD correction for the light quarks 
with m q ~ is given by 

(4.16) 



Ar 



/ 

QCD 



((g v ) 2 + (a 



■K, 



QCD 



with p| 



a 



Kqcd = — + 1.41 [ — 



7T 



7T 



12.8 [ — 

7T 



a s \ 3 Q 2 f aa s 



4 vr 2 



For b quarks the QCD corrections are different due to finite b mass terms and to top quark 
dependent 2-loop diagrams for the axial part: 



Ar QCD - &Fqcd + r o 



(g b v ) 2 R v + {g b A fRA 



b \2 



(4.17) 



For the coefficients Rv,A see e.g. [pLlfl . 



5 Results and discussion 

Besides the standard input data points = 1.16639-10~ 5 GeV -2 0], a{M z ) = 1/128.89±0.09 
13 and M z = 91.1863±0.0020 GeV M, we use the effective mixing angle s e 2 = 0.23165±0.00024 



at Mz as given in |1J]. Besides mt, the predictions in the TM depend on the masses of the 
various Higgs bosons. In general, the dependence on the Higgs masses is very smooth. In order 
to visualize the different dependence of the predictions on the top mass in the various models, 
we display the results over a large top mass range and indicate the experimental data. 

5.1 The W mass and the p parameter 



In Figure ^1| the top mass dependence of M\y is displayed for a set of masses for the doublet 
Higgs boson H°, both in the minimal model (SM) and the standard model with the extra triplet 
(TM). The other Higgs masses have been fixed at 300 GeV. The dependence on both mt and 
M H o is weaker in the TM compared to the SM. The experimental result 



M w = 80.356 ± 0.125 GeV [1] , m t = 175 ± 6 GeV [14] (5.1 



is shown as the data point with error bars. It is placed right in the cross-over region of the two 
models. 

In the TM, Mw has a strong dependence on the value of the input parameter sg 2 . This is 
illustrated in Fig. for different values of the charged Higgs mass, with both the neutral Higgs 
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Figure 5.1: Top mass dependence of M\y in the SM and the TM for various doublet Higgs 
masses M H o . The input values for the TM Higgs masses M K o and M H ± are 300 GeV. 
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Figure 5.2: Dependence of My/ on the input parameter sq 2 for various values of nit and M H ± 
in the TM. The masses for the neutral Higgs bosons are fixed at 300 GeV. 
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masses at 300 GeV. Compared with the experimental data, the sensitivity to M H ± is not very 
striking. Higher masses are slightly prefered, in particular for a low value of sg 2 . The variation 
with m± in its experimental la range is hardly visible. 

An interesting quantity is the p-parameter, eq. (fTTH) which can act as an indicator for a 
deviating Higgs structure. Since also in the SM p is different from unity by radiative corrections, 
a sensible comparison of different models is only possible at the 1-loop order. The experimental 
value derived from Mw, Mz and sin 2 6^ |J is given by 



1.0107 ±0.0032. 



(5.2) 



The dependence of p on the model parameters is shown in Fig. 5.3 and Fig. 5.4 for SM and TM, 
together with the experimental data. The models overlap in the region of the data, which is 
equivalent to the situation in the corresponding figure with M\y. 
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Figure 5.3: Top mass dependence of the p parameter in the SM and the TM for various doublet 
Higgs masses M H o . The input values for the TM Higgs masses M K o and M H ± are 300 GeV. 



5.2 Z boson observables 



Precision observables at the Z resonance are the total and partial Z decay widths and the peak 
asymmetries. The total Z width can be expressed as the sum of the fermionic partial widths 



/ 



(5.3) 



which are defined in equation (4.15). 



Similar to M\y, we display the total width Tz in Fig. |k5| versus mt for the SM and the 
TM, together with the experimental data point T z = 2.4946 ± 0.0027 GeV 0. Although the 
models show a different behaviour with nit and Mh, they coincide in the region where both 
models agree with the data. It is interesting to note that the SM has a preference for a heavy 
Higgs from the observable Tz, whereas the mixing angle measurement requires a light Higgs 
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Figure 5.4: Dependence of the p parameter on the input parameter sq 2 in the TM for various 
values of m% and Mjj± . The masses of the neutral Higgs bosons are fixed at 300 GeV. 



boson. In the TM, a light H is compatible with all precision observables. Fig. 5J; makes the 
TM correlation between sq 2 and M H o in the Z width more explicit for the measured value of 
the top mass. 

Partial widths are conveniently discussed in terms of the ratios 

Rz = ^ , Rc = ^ and R b = -^ , (5.4) 

1 e 1 had 1 had 

which are experimentally determined to [ffl] 

R z = 20.778 ± 0.029 
R c = 0.1715 ±0.0056 
R b = 0.2178 ± 0.0011 . 



The predictions for Rz by the SM and the TM are illustrated in Fig. 5.7. In contrast to 
the previously discussed observables, the m r dependence of Rz is stronger in the TM. Rz is, 
however, completely insensitive to any Higgs mass. Again we encounter the situation that the 
two models coincide exactly in that range where the experimental data are placed. 

The quantity R c is not very instructive with respect to the Higgs sector. Fig. contains the 
predictions for R c , which in view of the comparatively large experimental error can be considered 
as identical and in best agreement with the data. 

An observable of special interest is the quantity R b with its experimental value about 1.8 a 
above the SM prediction. Its special sensitivity to m% is based on the virtual presence of the 



top quark in the Zbb vertex corrections. Fig. 5.9 shows the predictions of both the SM and 



TM, which with exception of very high top masses are the same, with practically no Higgs 
dependence. The deviation from the data point hence is also the same in both type of models. 

The leptonic on-resonance asymmetries are in the TM completely determined by the value 
of the input parameter sg 2 , which is the leptonic mixing angle (and actually determined from 
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Figure 5.5: Top mass dependence of the total Z width in the SM and the TM for various doublet 
Higgs masses M H o . The input values for the TM Higgs masses M K o and M H ± are 300 GeV. 
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asymmetry measurements). For the purpose of illustration, we present in Fig. 5.1C the left-right 
asymmetry Alr as predicted by the SM in terms of mt and Mh, and the range corresponding 
to the TM input sg 2 = 0.023165 ± 0.00024. This range, indicated by the shaded area, can be 
identified with the TM "prediction" . The SM requires a light Higgs boson, which is disfavoured 
by the total width Fz (Fig. |5.5[ ), in contrast to the TM. The experimental value as measured 
by the SLD collaboration is given by Q 



A LR = 0.1542 ±0.0037 



(5.5) 



The hadronic forward-backward asymmetries for c and b quark final states contain besides 
A e the additional factors A c ^ in eq. fl4.12j ). In practice, however, the model dependence beyond 

sg' 



2 cancels in the ratios. Consequently, the TM predictions in Fig. |5.11| and Fig. |5.12| appear 



as a top and Higgs mass independent horizontal line for each fixed value of sg . Varying sg in 
the 1 a range yields the shaded band. The SM predictions, on the other hand, do depend on mt 
and Mjj, essentially through sg 2 . The experimental results are given by O 



A FB 



0.07351 ± 0.00484 and A 



FB 



0.09790 ± 0.00231 



(5.6) 
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Figure 5.7: Top mass dependence of Rz in the SM and the TM for various Higgs masses. 



Whereas A C FB 



is perfect for both models, A b FB needs a large Higgs mass in the SM, opposite 
to the requirement from Am- The TM coincides with the SM in the intermediate range of M H o; 
it is also slightly higher than the experimental value. 
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Figure 5.11: Forward/backward asymmetry for charm quarks in the SM and the TM. The shaded 
area corresponds to a variation of sq 1 = 0.23165 ± 0.00024. 
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Figure 5.12: Forward/backward asymmetry for bottom quarks in the SM and the TM. The 
shaded area corresponds to a variation of sg 2 = 0.23165 ± 0.00024. 



6 Conclusions 



We have presented a complete 1-loop calculation of electroweak precision observables in the 
extension of the SM by an extra Higgs triplet, where the />parameter can be different from 
unity already at the tree level. Since the gauge - fermion sector has one free parameter more 
compared to the SM, one additional data point is required for fixing the input parameters. 
Choosing the effective leptonic mixing angle, the observables depend, besides on sg 2 and the 
conventional input a, Mz, G^, m t , on the mass of the doublet Higgs boson H° and on the masses 
of the extra non-standard Higgs bosons as free parameters. The predictions of the SM and the 
TM coincide for all observables in the experimental range of the top mass m< = 175 ± 6 GeV. In 
this range, both models fully agree with the experimental precision data, with two exceptions: 
Rb, A b FB , where both models show similar deviations from the data. The two types of models 
are thus indistinguishable, and no signal for a non-standard Higgs structure can be found in 
the data. In the TM all observables which show a dependence on the doublet Higgs mass, are 
consistent with a low value of M H o, whereas in the SM some observables like Tz advocate a 
large value for M H o. 
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Appendix 



This section contains the analytic expressions for the vector boson and fermion self energies 
and the Zff vertex corrections with internal Higgs states. Only those contributions are listed 
which are different from the minimal standard model. / always denotes the isospin partner of 
the fermion /. Moreover, the following abbreviations are used: 



c$ = cos 5 , ss = sin 5 . 
The scalar 1-, 2- and 3-point functions in dimensional regularization are given by 



A-D 



16vr 2 

i 



1 



167T 2 

% 

16vr 2 



B, 



o = H 



A-D 



d D k 

(2^p k 2 _ m 2 
d D k 



a 



o = A* 



A-D 



(2ir) D [k 2 - m 2 ][(k + p) 2 ~ ml 
dPk 1 



(2n) D [k 2 - m?J [(k + pi) 2 - m|] \{k + pi + p 2 ) 2 - m|] 
We also need the scalar coefficients in the tensor integral decompositions [15] 
B* 1 = p^ B 1 (p 2 ,m 1 ,m 2 ) 

C» =rfC u +p 2 l C 12 

= grcn + p1 v \ c 21 + p% v v 2 c 22 + (pi pi + pip^) c 23 . 

For the 2-point functions they are given by 



B 1 (p 2 ,m u m 2 ) 
B 22 (p 2 ,m 1 ,m 2 ) 

B 2 i(p 2 ,m 1 ,m 2 ) 



1 

2f 
1 
6 



A(mi) - A(m 2 ) + (m\ - m\ - p 2 )B (p 2 ,mi,m 2 ) 



A(m 2 ) + 2mlB (p 2 ,mi,m 2 ) 



+(p 2 + m\ — m^)Bi{jp 2 , mi, m 2 ) + m\ + m\ — — 



1 

3p 2 



A(m 2 ) - mlB {p 2 ,mi,m 2 ) 



-2(p 2 + m 2 — m\)Bi(p 2 , m±, m 2 ) 



m\ + m\ p 2 



(A.l) 



(A.2) 



(A.3) 



(A.4) 



For the corresponding expressions in the 3-point functions see e.g. |l 
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Vector boson self energies: 

For the vector boson self energies three diagram topologies with internal Higgs lines contribute. 
The analytic expressions given below correspond to the sum over all possibilities for S. 



V / \ V 

v/VW\j! wvw 



^Jss) = ^{-4B 22 (k 2 ,M H ±,M H ±)-4B 22 (k 2 ,M w ,M w )} 

s f/s) = £(-^2) {B 22 (k 2 ,M H o,M z ) + (c 2 s +c 2 e -s 2 e ) 2 B 22 (k 2 ,M H ±,M H ±) 

+(4 + 4- s 2 e ) 2 B 22 {k 2 ,M w , M w ) + 2s 2 5 c 2 5 B 22 (k 2 , M H ± , M w )) 
E lss) = T~ — \ 2 ^ 2 ~ s e 2 + c e 2 )B 22 (k 2 ,M H ±,M H ±) 

v ' 47T SgCg l - 

+2( S(5 2 - s 2 + c 2 )S 2 2(A: 2 , M w , M w )} 
S S = ^ (-^2) {s S 2 B 22 (k 2 ,M H o,M H± ) + cs 2 B 22 (k 2 ,M H o,M w ) 
+WB 22 {k 2 , M K o , M H ± ) + 4s 5 2 B 22 (k 2 , M K o , M w ) 

+ss 2 B 22 {k 2 ,M z ,M H ±) + c 5 2 B 22 (k 2 ,M z ,M w )} (A.5) 
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V \ / V 

^AAAAA/WVWVW 



— {2A{M H ±) + 2A(M W )} 

47T 

{ A (M H o) + A(M Z ) + 2((c e 2 - s e 2 + c 5 2 ) 2 + s s 2 c s 2 )A{M H± ) 
+2{{c e 2 - s e 2 + s 5 2 ) 2 + s 5 2 c 5 2 )A{M w )) 

— Us e 2 - c e 2 - cs 2 )A(M H± ) + (s e 2 - c e 2 - s s 2 )A(M w )\ 

47T SgC0 ^ > 

|^ {A(M H o) + 4A(M K o) + A{M Z ) + 2(1 + c& 2 )A{M H± ) 
+2(1 + s 5 2 )A(M w )} 




a M| f 1 



47T Sg) 2 

+2 



[^2 So(A: 2 , M H o,M z ) + 2s 5 2 5 (£; 2 , M H± , 



(8<2 B Q {^,M W ,M W ) 
cs 2 



a -2M 2 * 9 * " - 



Air 



W ' 



a MAr s 5 2 c 5 



sece 

2„„2 



B (k 2 ,M w ,M w ) 



(ss 2 ~ s e 



2\2 



47T SQ^ 



, B (k 2 ,M z ,M H± ) + ^ JL^B (k 2 ,M z ,M w ) 



+ 



s e 2 B (k 2 , 0, M w ) + c 5 2 B (k 2 , M H o,M w ) + As s 2 B {k 2 , M K o,M w )} 



18 



Fermion self energies and wave function renormalization: 

The full list of individual Higgs contributions to the fermion self energies 



H°, G z , H 1 , G ± 



i 

> — i- 



f 



^ - — 
v/ 



£ ^2 { ( ^ . "V , M Z ) # + Bo (k 2 , m f , M Z ) m f } 

+(m^ - m 2 j)B 1 (tf,mj,M w )#'K 
+2m 2 jtBo(k 2 , mj, Mw)mA 

+(m^ - m^)Si(fe 2 ,mf,M H ±)ljl-f 5 

+2m 2 ?Bo(k 2 ,mf,M H ±)m f \ (A.8) 

is given here for completeness. In practice, only the charged contributions have to be kept for 
the case / = b because of the internal top quark. The neutral contributions are negligibly small 
also for f = b, due to the small Yukawa couplings. Together with the standard gauge boson 
contributions, the scalar loop diagrams sum up to the self energy , decomposed according to 

$y = Z f v (k 2 ) # +Z f A (k 2 ) ^75 +m f Z f s (k 2 ) (A.9) 

with scalar functions T,y As . The fermion wave function renormalization constants appearing 
in eq. (|3.7| ) read in terms of these functions: 

5Z V = - Z f v (m 2 f ) - 2m) (s£ + 4)'(m/) 
5Z{ = Z f A (m 2 ) 

5Z L = 5Z V + 5Z A . (A. 10) 
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Vertex corrections: 



Neglecting terms proportional to the small external fermion masses, the 1-loop corrections to 
the Zff- vertex contain only vector and axial vector (Ay ,4) or left- and right-handed (A.±) form 
factors: 



A zff 



a Zff 1+75 . . Zff 1 



75 



(a 



3// 



(A.ll) 



The form factors consist of the sum of the contributions given in eqs. ( |A.13[ ) - ( |A.16| ) 

with the couplings and masses in the attached tables, together with the non-listed pure gauge 
boson loops, which are the standard ones. The entries in the tables contain the couplings of the 
fermions to the Z and the Higgs bosons, denoted by 



9n 



9f =v f -a f ; g f =v f + a f 

1 m f . J _ 1 m f 

9c 



2s e M w cs 



y/2s e M w c$ 



(A.12) 



The arrangements for the couplings, the external momenta and the internal masses are illus- 
trated in the following figure: 




k=-p r p 2 



C = C(pi,p 2 ,mi,m 2 ,m 3 ) 



With these conventions, the individual vertex contributions to the form factors, corresponding 
to 4 different topologies, read as follows [again, as for the fermion self energies, only the con- 
tributions with charged scalars are non-negligible for bb finals states; the others are listed for 
completeness] : 
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A I 7/ = ^ 2s e c e ■ {[m/Cia] g?g%g 3 + [m/(Cn + C )] gf gf g 3 + [m^Co] gfgfg 3 } (A.13) 



mim2m 3 


<7i + 


9i 


9t 


92 


93 = 93 = 93 


H° f Z 




9n 


9} 
2s co 


9f 
2s^co 


M w 


f W 




-(2ll)9 f C s 5 







M w 

S8C8 

sece 


G ± f 


(24)g f c c s 


(2il)g f c cs 





V2S, 


M W , 2 2x 

sece 




A± 7/ = ^ 2s ^ " \ [- m f C i2] 9^ 92 93 + [-m/(C + di)] ^5^3 



+ [m//C ] fffff^s} (A. 14) 



mim2m3 




Si 


9t 


92 


93 = 93 = 93 


Z f H° 


2seCff 


% 

2seCfi 


9n 


9n 


M w 
sece 2 


W f H ± 







-(2l()g f c s 5 


-{^l)9 ! c ss 


M W 

sscs 

sece 


W f G ± 





V2s ff 






Mw (s 5 > s e -) 
sece 
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A. 



zff 
± 



a 

4tt' 



2s e c ■ | (2C 20 - i) + m 2 f (C u - C 12 + C 21 + C 22 



+ s(C 12 + C 2 3)]gfgtg^ 



9i9fgf 



m){C 



12 



2C 23 ) 
- Cn) 



5? 52 53 



- [m f m f (C + Ci 2 )] 9ig 2 gf + [m/m/'Cn] gfgfgf + [m f m f/ C 12 ] gfg^g^ 

- [m f m f ,(C + Cn)] sfs^} (A.15) 



mi m 2 777,3 




9i 


5 2 + 


5 2 


9t 


9 3 


f H° f 


9n 


9n 


9n 


9n 


2sftCt, 


9f 
2soCf) 


f G z f 


-ig f N Wl) 




-ig f N ^4) 


^(2/ 3 / ) 


9f 
2sf,Cf, 


% 
2s o c0 


f H ± f 


-(24)9 f C s 5 


-Vll)9 f cs 5 


-(2ll)9 f cs s 


-Vll)9 f c s 5 


9 1 
2st)Cf) 


9 I 
2s o c0 


f G ± f 




(2^)5^5 


(?4)g f c c 5 


^ll)g f c c s 


9 J 
2s ff Cf, 


9 I 
2S0C0 
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f 



vAAAAA*^ 



Af/ = " 2w • {[2C 20 ]gfgfg 3 } 



(A.16) 



mim2?ri3 


gt 


9i 


gt 


92 


gt = g-a = 93 


H° f G z 




g f N 


-i9 f N {2ll) 


ig f N ^4) 


i 

2soCf) 


G z f H° 




ig f N ( 2I i) 


9n 


9n 


i 

2s()Cq 


B ± f H ± 


-{2ll)g f c s 5 


-(2l()g f c s s 


-(2li)g f c s s 


-(2l()g f c s 5 


r 2I ffs'-s e * + ce* 


G± f G ± 


(2li)g f c c 5 


(2li)g f c c s 


(2li)g f c c 5 


(2li)g f c c s 


(2ih ssZ ~ SdZ + CeZ 


H* f G ± 




-(24)g f c s 5 


(2li)g f c c 5 


(2ii)g f cc 5 


(2//) * SCS 


G* f H ± 


(2ii)g f c c s 


(2li)g f c cs 


-(2li)g f c s s 


-(2ll)g f c s 5 


(2ih 3505 

V 3J 2s ft c ft 



In eq. ( A.13| ) to ( A.16| ), /' denotes either the fermion / or its isospin partner /, dependent on 
the particle configuration specified in the attached tables. 
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